The role of astrocytes in neuronal function has received increasing recognition, but disagreement remains about their function at the circuit level. Here we use in vivo two-photon calcium imaging of neocortical astrocytes while monitoring the activity state of the local neuronal circuit electrophysiologically and optically. We find that astrocytic calcium activity precedes spontaneous circuit shifts to the slow-oscillation-dominated state, a neocortical rhythm characterized by synchronized neuronal firing and important for sleep and memory. Further, we show that optogenetic activation of astrocytes switches the local neuronal circuit to this slow-oscillation state. Finally, using two-photon imaging of extracellular glutamate, we find that astrocytic transients in glutamate co-occur with shifts to the synchronized state and that optogenetically activated astrocytes can generate these glutamate transients. We conclude that astrocytes can indeed trigger the low-frequency state of a cortical circuit by altering extracellular glutamate, and therefore play a causal role in the control of cortical synchronizations.
The role of astrocytes in neuronal function has received increasing recognition, but disagreement remains about their function at the circuit level. Here we use in vivo two-photon calcium imaging of neocortical astrocytes while monitoring the activity state of the local neuronal circuit electrophysiologically and optically. We find that astrocytic calcium activity precedes spontaneous circuit shifts to the slow-oscillation-dominated state, a neocortical rhythm characterized by synchronized neuronal firing and important for sleep and memory. Further, we show that optogenetic activation of astrocytes switches the local neuronal circuit to this slow-oscillation state. Finally, using two-photon imaging of extracellular glutamate, we find that astrocytic transients in glutamate co-occur with shifts to the synchronized state and that optogenetically activated astrocytes can generate these glutamate transients. We conclude that astrocytes can indeed trigger the low-frequency state of a cortical circuit by altering extracellular glutamate, and therefore play a causal role in the control of cortical synchronizations.
astrocyte | cortex | slow oscillation | calcium imaging | glutamate T he neocortical slow oscillation (∼1 Hz) that defines slowwave sleep (SWS) is believed to play a critical role in memory consolidation by coordinating cell assemblies in areas within and outside the cortex (1) (2) (3) (4) . This cortical state is in marked contrast to rapid-eye-movement (REM) sleep and wakefulness, which are dominated by low-amplitude and high-frequency cortical activity (5) . Slow cortical rhythms are also observed during the waking state, as well as during sleep (6) (7) (8) (9) (10) , suggesting widespread functional roles for this oscillation. Although the slow oscillation is cortically generated (11) (12) (13) (14) , the circuit mechanisms that drive the cortex into the slow-wave state remain unclear. Because neuronal responses to external stimuli are modulated by brain state, the mechanisms that drive transitions to different states-the relatively synchronized, slow-oscillation-dominated state or the desynchronized, more "awake" or attentive state-have recently been of intense interest, although most of these have focused on the shift to the desynchronized state (15) (16) (17) (18) (19) . These studies have critically examined the effects of neuronal and sensory manipulations on brain state and the effects of brain state on processing, but have not investigated how other cellular circuit components may influence these states.
Astrocytes have been implicated in SWS and the regulation of UP states-the cellular underpinnings of the slow oscillation (20) (21) (22) (23) -and are attractive candidates for carrying out a widespread circuit role because each astrocyte has the potential to influence thousands of synapses simultaneously (24) . However, the methodology used to demonstrate an astrocyte-specific function in regulation of SWS (21) and the slow oscillation (22) has become controversial (25, 26) , leaving astrocytes' role in the generation of the slow-oscillation state uncertain. In addition, there are few data on astrocytes' roles in acute changes in brain state, as these previous in vivo studies of oscillations have used longer-term, transcription-based manipulations of astrocyte function (21, 22, 27) . And although astrocytic activity may be acutely shaped by neuromodulatory signals similar to neurons during brain state changes (28, 29) , these effects do not specifically address the causal role that astrocytes may play in these shifts. Therefore, the physiological role of astrocytes in these state switches remains an open question.
One reason the roles of astrocytes in circuit functions remain unclear is that their complex Ca 2+ spatiotemporal dynamics are just beginning to be understood, in terms of activation and output. Because astrocytes are minimally electrically active, understanding their activity via Ca 2+ dynamics is particularly important, and recent advances in Ca 2+ imaging tools have enabled Ca 2+ monitoring throughout the entire astrocyte and not only in the soma (29) (30) (31) (32) . Indeed, in recent slice and in vivo experiments, it has been shown that most of the Ca 2+ activity in astrocytes occurs in the processes, and not in the somata (32) (33) (34) (35) . At the same time, in most previous studies of population astrocyte Ca 2+ signaling, bulk-loaded dyes have been used, which only load the somata and the primary branches (36) . Although this has led to the reinterpretation of many studies only showing Ca 2+ changes in the somata, few studies have yet investigated the relationship between physiological astrocyte Ca 2+ activity and the neural circuit in vivo. Thus, the function of astrocyte activity in the neocortical circuit and its reciprocal relationship with neurons are still poorly understood.
In this current study, we monitor the activity of populations of cortical astrocytes in vivo (37) and simultaneously record neurons either electrophysiologically or with Ca 2+ imaging. We uncover a temporal relationship between spontaneous astrocyte Ca 2+ activity and the shift to the slow-oscillation state in vivo. To manipulate astrocytic Ca 2+ activity, we use an optogenetic tool, Archaerhodopsin (Arch), to increase intracellular Ca 2+ concentration ([Ca 2+ ] i ) in astrocytic processes in a light-dependent manner. This manipulation shifts the cortical circuit into a slow-oscillation regime and increases coactive neuronal firing. We explore the mechanism of this astrocyte-generated cortical state switch and find that "spikes" in extracellular glutamate around astrocytes co-occur with shifts to the slow-oscillation state and that Arch stimulation of astrocytes can generate these local extracellular glutamate spikes. Thus, astrocyte activity can regulate the shift to the slow cortical oscillation state, thereby acutely regulating the state of a neural circuit.
Significance
Astrocytes-a type of glial cell-and neurons function together in neural circuits, but how astrocytes affect circuit function remains poorly understood. By measuring the fluorescent calcium activity of astrocytes while recording the electrophysiological oscillations in the mouse cortex, we find that astrocytes, through regulation of extracellular glutamate, are involved in triggering a slow neuronal rhythm in the brain that has been shown to be important in sleep and memory formation.
Results
Simultaneous Recording of Cortical Astrocyte Ca 2+ Activity and Local
Field Potential in Vivo. To explore the relationship between cortical astrocyte signaling and spontaneous neuronal network activity in vivo, we first expressed the genetically encoded Ca 2+ indicator GCaMP6s (31) specifically in cortical astrocytes with a viral targeting strategy (AAV1-CAG.FLEX-GCaMP6s into an hGFAP-Cre mouse; Fig. 1 A and B, Fig. S1 , and Movie S1). We used twophoton in vivo imaging of layer (L)2/3 astrocytes in the primary visual cortex (V1) of urethane-anesthetized mice to measure Ca 2+ dynamics throughout astrocytes, as has previously been demonstrated in slice preparations (33) and in vivo without affecting astrocytic GFAP expression (38) . Using coexpression of GCaMP6 and tdTomato in cortical astrocytes, we confirmed that temporally variable spontaneous Ca 2+ transients ( Fig. 1 C and D) reflect changes throughout the soma and processes of astrocytes ( Fig.  1 E-H and Movie S2; mean Ca 2+ event duration 15.7 ± 0.83 s and amplitude 0.61 ± 0.02 df/f). We also confirmed that virus injection and expression of GCaMP and the other viruses used in this study resulted in similar levels of astrocytic GFAP expression in the cortex via immunohistochemistry, indicating that effects we observe are due to experimental manipulations and not to astrocyte reactivity (39, 40) (Fig. S1 C-H) . The majority of astrocytic Ca 2+ transients were observed in the processes rather than the soma [85.6 ± 2.6% of active regions of interest (ROIs) and 86.7 ± 3.2% of Ca 2+ transients in processes; Fig. 1 E and F], as previously observed (29, (32) (33) (34) . The observed astrocytic spatiotemporal Ca 2+ dynamics were distinct from those observed in neurons after specific neuronal expression of GCaMP6s in neurons in cortical L2/3, as previously demonstrated (31) (Movie S3).
While imaging Ca 2+ dynamics, we recorded local field potential (LFP) activity from cortical L2/3 and observed spontaneous alternations in brain state every 5.4 ± 0.37 min ( Fig. 1I ; n = 7 animals, 11 30-min trials), closely resembling the switch between REM and SWS (41) (42) (43) (44) . This spontaneous switch from a high to low frequency-dominated state, characterized by the clear presence of UP and DOWN states of the slow oscillation and a decrease in the power of frequencies above 2 Hz, has been well-described previously in both awake animals and under various types of anesthesia (7, (41) (42) (43) (44) (Fig. 1 I and J and Fig. S1 I-K events (3-10 Hz; Fig. 2 F and I, blue and Fig. S2 A-D; twosample F test), although these events were also clustered around the astrocyte Ca 2+ events (mean −23.9 ± 7.9 s), demonstrating that the switch to the low frequency-dominated state is often (as in Fig. 2 C-F) , but not always, accompanied or preceded by a decrease in the high-frequency power. We did not uncover a similar relationship when examining frequency bands higher than 10 Hz (Fig. S2H ), but we do see clustering of astrocyte Ca 2+ events before shifts to the low-frequency state when we calculate Ca 2+ events from the LFP event, rather than the inverse, as in Fig. 2 G and H (Fig. S2 E-G) . The close temporal relationship between astrocyte Ca 2+ and a shift to the slow-oscillation state was evident whether the individual Ca 2+ transients were synchronized across the imaging field or not (Fig. 2D, Fig. S3 A-E, and Movie S4). In addition, similar results were obtained using a faster GCaMP probe that is trafficked to the membrane of astrocyte processes [ Fig. S3 F- 2+ activity and observed its effects on the neural circuit by using a previously unidentified method for specific optogenetic activation of astrocytes with Arch, a tool normally used to inhibit neurons by pumping H + out of the cell (45) . Viral injection of CAG.FLEXArch-GFP into a GFAP-Cre mouse resulted in astrocyte-specific expression of Arch-GFP, based on astrocytes' highly and finely branched morphology that distinguishes them from neuronal and other glial cell types ( Fig. 3 A and B) . To confirm the morphological observation of expression, we also pressure-injected rhod-2 AM, a Ca 2+ indicator that specifically loads astrocytes (46) , into the cortex and observed that the somata of the Arch-GFP + cells were clearly labeled with rhod-2 and that the Arch-GFP + processes wrapped around vasculature, as is typical for these cells (Fig. 3 A  and B) . In slice experiments, whole-cell patch clamping of Arch-GFP + cells and subsequent presentation of yellow light flashes confirmed Arch expression due to the resultant hyperpolarization (−1.37 ± 0.04-mV shift; n = 28; Fig. 3C either by mean fluorescence levels ( Fig. 3H , Top) or automatically detected Ca 2+ events, as in Fig. 1 (Fig. 4A ). Five-second hyperpolarizations (500-ms pulses × 10, mean −15.1 ± 1.2-mV change) were induced to the patched cell, interleaved with control trials. Ca 2+ levels significantly increased throughout the cell, including processes, following the hyperpolarization compared with control trials (Fig. 4B) . The voltage changes that caused these Ca 2+ increases were much larger than those recorded from astrocytic soma during light activation carried out over the entire cell (Fig. 3C ). However, this is not surprising; due to the low input resistance of astrocytes (20, 52) , the voltage change required at the soma to elicit a similar hyperpolarization at the distant processes, where we observe the Ca 2+ changes following light activation, would need to be higher than we record during light stimulation. Because we can observe hyperpolarization-induced Ca 2+ increases, our data indicate that hyperpolarization of astrocytes-and its subsequent effects on voltage-dependent channels, receptors, or transporters-may be the mechanism by which Arch stimulation increases [Ca 2+ ] i . While carrying out these experiments, we also found that by using the stereotyped astrocytic electrophysiological marker of network UP states (Fig. 4C , Top) (20, 43) to monitor population activity in the slice, it was evident that hyperpolarization of single astrocytes not only increased astrocytic Ca 2+ but also increased the number of UP states in the network in the 100 s following the stimulation compared with control trials (Fig. 4C ). This result is consistent with our previous work demonstrating that stimulation of a single astrocyte increases the Ca 2+ activity in the local astrocytic network and leads to increased cortical UP states, which constitute the slow oscillation (20) . We next addressed potential changes in pH levels in Archexpressing cells and surrounding Arch − cells, using the pH indicator SNARF-1 as used in the paper describing neurons (45) . We used viral injections to express Arch in either astrocytes (AAV5-FLEXArchT-GFP into a GFAP-Cre mouse; Fig. 4D, green) or neurons (AAV5-CaMKII-ArchT-GFP in a WT mouse; Fig. 4E, green) and bulk-loaded the slices with SNARF-1, which labels both neurons and astrocytes (Fig. 4 D and E, red) and exhibits a decrease in fluorescence upon challenge with NH 4 Cl, which causes intracellular alkalinization (Fig. S4G) . Following a 5-s light stimulation of Arch, we observed no significant changes in pH in either the Archexpressing or the surrounding cells in either case (Fig. 4F) , consistent with the minimal and fast pH changes observed in neurons following Arch stimulation (45) 
2+ levels specifically in astrocyte processes with spatiotemporal dynamics similar to spontaneous activity. Thus, Arch activation may be a more physiological method of astrocytic Ca 2+ activation than has previously been reported.
Astrocyte Activation Leads to a Specific Shift in Low-Frequency
Power. With this optogenetic tool in hand, we tested whether the activation of astrocytes affected the low-and high-frequency oscillations measured spontaneously in Figs. 1 and 2 . LFP was recorded for 1 min before a 5-s light stimulation of Arch + astrocytes (confirmed by immunostaining; Fig. S5A ) and continued for 5 min after the stimulation, with no-stimulation control trials interleaved between each trial (Fig. 5A) . Following Arch activation, we observed an increase in the power of the low-frequency oscillation that persisted for over a minute, without any significant change in higher frequency bands, indicating that the local network measured by LFP had shifted into a slow-oscillation-dominated regime (Fig. 5 B-D; n = 8 animals, 28 paired trials) . Thus, although we observe astrocyte Ca 2+ events preceded by decreased highfrequency and followed by increased low-frequency oscillatory activity during spontaneous state shifts (Fig. 2) , astrocytic Ca 2+ manipulation specifically drives the network to the low frequencydominated state, suggesting that astrocytes are not merely responding to a prior decrease in high-frequency activity and are active drivers of the state change. In addition, these data raise the possibility that the activity changes that occur during state shifts can be mechanistically uncoupled.
In addition to the mean power in each LFP band, we also quantified the data by automatically detecting LFP events (as in Fig. 2F ) and calculating the time from the stimulation to the first LFP event in the two frequency bands (Fig. S5 B and C) . By this measure, there was also a significant shift earlier in the lowfrequency events in each trial compared with control trials (Fig. 5 E-G and Fig. S5 D and E; mean event time from stim 53.6 ± 8.2 s vs. 113.9 ± 14.5 s control; P < 0.001, t test, two-sample F test), whereas there was no shift in the distribution of events in the high-frequency band (Fig. S5 F 
/tdTomato
+ astrocytes (Fig. S5H) . In these animals, no significant shift in LFP power was observed in either frequency band (Fig. S5 I and J; n = 4 animals, 28 trials), nor was there a change in the mean time to the first LFP event (Fig. S5 K-O ; low-frequency event from stim 80.4 ± 10.4 s vs. 103.4 ± 16.1 s control; P > 0.1, t test; highfrequency event from stim 109.7 ± 11.4 s vs. 118.5 ± 12.9 s control; P > 0.5, t test). As a crucial control for any potential nonspecific expression of Arch in neurons, we drove Arch expression specifically in pyramidal neurons in L2/3 using a CaMKII-Arch virus. In this control, light stimulation inhibits Arch + neurons and, again, we detected no significant change in the slow oscillation following stimulation, indicating that the effects we observe are specifically due to astrocytic-not neuronal-activation ( Fig. S6 ; n = 4 animals, 20 trials). Further, these controls also suggest that any brief, circuit-wide decreases in extracellular pH due to Arch-specific H + pumping do not cause the slow-oscillation increases observed after astrocyte activation of Arch. 
Astrocyte Ca 2+ Activity Precedes Synchronous Neuronal Firing and
Can Drive Coactive Neuronal Events. Because the low frequencydominated state is characterized by highly synchronous neuronal activity (55), we reasoned that we might uncover the cellular mechanisms by which astrocytes regulate the switch to the slow oscillation by optically monitoring neuronal population activity. To first define baseline astrocyte/neuronal optical activity, we simultaneously imaged Ca 2+ in neurons and astrocytes with GCaMP6s through a double viral injection of AAV1-hsynGCaMP6s and AAV1-CAG.FLEX-GCaMP6s into an hGFAPCre mouse, and could distinguish between these two signals due to their previously characterized temporal dynamical and morphological differences (31, 40) (Fig. 6A, Fig. S7 C and D, and Movie S6). Because some groups have reported faster rise times of astrocytic Ca 2+ than others (34, 56, 57), we ensured that all ROIs defined as neuronal were contiguous with neuronal cell bodies or showed morphological characteristics distinctive to neurons, including their long dendritic processes. The small population of ambiguous ROIs were eliminated from analysis (Materials and Methods). Neurons and their processes regularly exhibit highly synchronized spontaneous Ca 2+ activity both in vitro and in vivo, under waking and anesthetic conditions, and during synchronized and desynchronized brain states (14, 58) (Fig. 6B) . When we measure astrocyte Ca 2+ activity simultaneously, we observe that astrocytic Ca 2+ begins to increase 4.4 ± 1.0 s before the onset of the synchronous ("coactive") neuronal event ( signals precede an optical measure of spontaneous synchronous neuronal activity. We reasoned that because spontaneous astrocyte Ca 2+ activity preceded coactive neuronal events, coactive neuronal firing might be affected by astrocyte activation, which could help explain the LFP effects we observed in the Arch-activation experiments. Therefore, we tested whether coactive neuronal firing activity at the single-cell level was changed following astrocytic Arch stimulation using a double viral injection to simultaneously express GCaMP6s in neurons and Arch-tdTomato in astrocytes (Fig. 6E and Fig. S7E ). We observed fluctuations in the neuronal GCaMP that reflect spontaneous action potential firing (31) (Fig. 6F, Top) and quantified coactive neuronal events (Fig. 6F , Bottom) before and after astrocyte stimulation. Following the stimulation, there were indeed more total action potentials (APs) during the coactive events compared with controls ( Fig. 6G ; n = 4 animals, 16 stim trials; P < 0.05, t test), an effect most pronounced in the time bin 90 s after the stimulation (Fig. 6F, star) , a time point where we also observed the greatest shift in low-frequency LFP power in the Arch-LFP experiment (Fig. 5C ). There was no significant difference in the total number of coactive events, nor in the number of active cells, during each coactive event (Fig. S7 F-H ; P > 0.1, t test), although we did measure an increase in total APs across bins ( Fig.  S7H ; P < 0.05, t test), consistent with optogenetic activation of astrocytic somata using ChR2 (51). These results suggest that coactive neuronal firing may underlie the increase in the power of the slow oscillation that we observe following Arch stimulation (Fig.  5C ), indicating that cortical astrocyte activity influences the synchronization of territories of neurons.
Extracellular Glutamate Spikes Co-Occur with Shifts to the SlowOscillation State and Can Be Driven by Astrocyte Activation. To investigate the astrocytic signaling mechanisms by which the switch to the slow oscillation may occur, we carried out simultaneous LFP recording and imaging of extracellular glutamate using astrocytic expression of the glutamate sensor GluSnFR (59) (Fig. 7 A and B) because extracellular glutamate has previously been shown to initiate UP states in slices (20, 60) and because astrocytes are important in the regulation of extracellular glutamate (61) . In L2/3, we observe periodic, fast (≤1.5-s) spikes in GluSnFR fluorescence above baseline, which occur widely (1,163.5 ± 61.0 μm 2 ) and nearsimultaneously across an individual astrocyte ( Fig. 7 C and D, cyan; n = 4 animals, 22 5-min trials; Movie S7) and faster than the more local and progressive Ca 2+ activation observed with GCaMP ( Fig. 1 and Movies S1 and S2). These glutamate spikes also co-occurred with the low-frequency events, as detected earlier (Fig. 2F) , with peaks just 1.7 ± 2.03 s before the shifts to the low-frequency regime, whereas there was no clear relationship between glutamate spikes and shifts away from the low-frequency regime (two-sample F test), nor to shifts related to the high frequency (Fig. 7 D and E and Fig. S8 A-E) . These results suggest that transient extracellular glutamate increases are involved in the mechanistic shift of the cortical network to the slow oscillation. To test whether Arch stimulation of astrocytes triggers neuronal synchronization through this glutamatergic pathway, we coexpressed GluSnFR and Arch-tdTomato in astrocytes and monitored glutamate spikes following Arch stimulation (Fig. 7F) . Indeed, we found that in Arch + /GluSnFR + astrocytes, the glutamate spikes observed in the 5 min following stimulation were concentrated in the 30-60 s following the stimulation (cyan), whereas in no-stim control trials they were evenly distributed across the trial time ( Fig. 7G, gray ; n = 5 animals, 21 trials; two-sample F test), although there was no significant difference in the number of glutamate spikes in each condition ( Fig.  S8F ; P > 0.5, t test). The area of the fluorescent spike (1,886.7 ± 208.5 control vs. 1,853.8 ± 216.2 μm 2 stim; P > 0.05, t test) and the amplitude (0.30 ± 0.04 control vs. 0.26 ± 0.07 df/f stim; P > 0.05, t test) were not different in stimulation and control trials, indicating that evoked and spontaneous glutamate spikes are equivalent. Although the GluSnFR probe shows pH sensitivity (59), our pH imaging experiments (Fig. 4 D and F) indicate that the transient change in extracellular pH caused by Arch activation does not persist during the period of increased glutamate spikes, suggesting that the spikes are due to changes in extracellular glutamate itself. These data are consistent with the idea that regulation of extracellular glutamate-via altering the dynamics of astrocytic glutamate transporters, release of glutamate from astrocytes themselves, or by neurons through an indirect astrocyte pathway -is the signaling mechanism that shifts cortical neuronal networks to a lowfrequency synchronized state (Fig. 8 ).
Discussion
Using a combination of optical and electrophysiological techniques, we show that astrocytes in vivo can trigger a switch of the cortical circuit to the slow-oscillation-dominated state. Also, by imaging extracellular astrocytic glutamate with GluSnFR in vivo, we provide evidence consistent with a glutamatergic mechanism of this state switch. Finally, we demonstrate that Arch is a previously unidentified and useful tool for acute optogenetic activation of astrocytes by activating astrocytic processes selectively, at amplitudes and durations similar to physiological levels.
Origins of the Ca 2+ and Glutamate Events Preceding the Shift to the Slow-Oscillation State. We observe two consistent physiological phenomena in astrocytes in vivo-Ca 2+ increases in their processes and extracellular glutamate transients-that precede the low frequency-dominated state, implying that the shift to the slow oscillation can be regulated by astrocytic control of extracellular glutamate. Further, we show using optogenetics that astrocyte activation can regulate this cortical state shift. However, many open questions about the role of astrocytic Ca 2+ , and how control of glutamate levels could lead to the state shift in this circuit, remain. What signals-neuronal or nonneuronal, intra-or extracellular, synchronized or desynchronized-cause the intracellular astrocytic Ca 2+ rises that occur before the state switch? There has been recent focus on mechanisms of focal Ca 2+ activation in astrocyte processes, both synaptic and nonsynaptic (30, 33, 34, 47, 62) , but no broad consensus yet exists. G protein-coupled receptor (GPCR) activation and release of Ca 2+ from intercellular stores via IP 3 receptors is an accepted pathway for Ca 2+ increases in astrocyte somata (63, 64) , although it has recently been argued that this mechanism may not explain Ca 2+ increases in astrocyte processes (30) . More pharmacological, genetic, and electrophysiological work remains to discover what drives the Ca 2+ dynamics in astrocytes that are responsible for the subsequent increased low-frequency power. In addition, a broader imaging field, both in the xy and z planes, could help disambiguate the timing of neuronal and astrocytic Ca 2+ signaling and address how spatially or temporally localized these transients must be to cause the state switch. Techniques now exist that enable simultaneous imaging in multiple planes (65) (66) (67) (68) , and multiplane imaging of neurons and astrocytes-while electrophysiologically recording-may give an indication of the spatiotemporal parameters of the events that drive the state change, particularly feedforward or feedback information from other layers in the cortical circuit. One possibility is that L2/3 activation of astrocytes triggers the state switch via their action on synaptic connections between L2/3 neurons and dendrites of L5 neurons, as the slow oscillation has been demonstrated to be generated in L5 (60, 69) , and multiplane imaging of both cell types, in both layers, could test this hypothesis.
While Ca 2+ signals in astrocytes have been intensely studied, there has been little work done on imaging extracellular glutamate around astrocytes. Our description of spontaneous glutamate spikes in vivo and their close occurrence with shifts to the slow-oscillation state raises intriguing questions about the role of astrocytes in glutamate regulation, a long-standing source of debate. One central issue is whether the source of the glutamate that the astrocytes are sensing is astrocytic or neuronal. Basal glutamatergic synaptic transmission is presumably occurring continually across the thousands of excitatory synapses to which even a single astrocyte has access (24) . Why do these large increases in glutamate occur periodically, and what do they reflect? Because the increase in GluSnFR fluorescence occurs largely uniformly across the entire astrocyte and its processes, it may be appealing to assign the source of the glutamate rise to the astrocyte itself. If this were the case, the change could be due to the highly debated gliotransmission (vesicular glutamate release), an inhibition of astrocytic glutamate transporters, or release via the glutamate-permeable Best1 channels, among other mechanisms. On the other hand, groups of neurons-in this or other cell layers-that simultaneously fire and release glutamate presynaptically may also lead to these large extracellular glutamate spikes that are sensed or perhaps even modulated by glutamate transport on astrocytes' morphologically active branches (70) (71) (72) . Whatever the source of the glutamate, the observation that these spikes occur on average 1 s before the shift to the slow-oscillation-dominated state is consistent with previous work demonstrating that glutamate can drive cortical networks into UP states (20, 60) . However, it is important to note that this evidence does not preclude other neurotransmitters or signals from being involved in the state switch. Again, simultaneous imaging of astrocytic glutamate in depth across the cortical layers, combined with pharmacological, genetic, or optogenetic manipulations, may offer clues to the nature of these events.
Astrocytes and Neurons Function Jointly in a Network. In this work, we find a relationship between spontaneous astrocytic Ca 2+ activity and neural circuit state, as well as between extracellular glutamate and network state. These findings stress the importance of monitoring the activity of both astrocytes and neurons simultaneously when studying populations of these cell types within a neural circuit. Our observations would have been missed if we had only measured the activity of either cell type, or if we had not recorded over the course of many minutes. A small snapshot of either neuronal or astrocytic Ca 2+ (or glutamate) would miss the causal link between astrocytic and neuronal activity or come to completely different conclusions. Thus, one can only understand the cross-talk between neurons and glia in a network by examining both in the same experiments for long periods of time.
Our conclusions help reconcile previous work that may have implicated astrocytes in the slow oscillation due to nonspecific, neuronal expression of dominant-negative SNARE proteins (21, 22, 25, 26) . Here we use a viral injection strategy with GFAP-Cre mice to obtain astrocyte-specific expression, and did not observe any fluorescence in neurons in vivo (Figs. 1-3 and 6 ), nor in accompanying immunostained sections (Figs. S5 and S7) . Critically, we carried out an experiment in which we deliberately expressed Arch in a majority of pyramidal neurons, and found that light stimulation of Arch-expressing neurons did not shift the circuit into an increased low-frequency power. Thus, our results are, in principle, consistent with previous findings about astrocytes' involvement in SWS and the slow oscillation and they are acute manipulations, while the disputed results were obtained via longer-term inactivation of astrocytes via the tetracyclinecontrolled transcriptional activation system (21, 22) .
Significance of Astrocyte Activity in Cortical Circuit Function.
Whereas previous work has focused on the mechanisms of SWS or the slow oscillation per se, our current work has broad implications for the role of astrocytes in circuit function and state dynamics. Here we identify a previously unidentified cortical mechanism for the shift to the slow oscillation-dominated regime, a state that has been described in sleeping, waking, and anesthetized mammals. Although many mechanisms have been described for shifting the brain into a more attentive, desynchronized state-such as neuromodulators, sensory input, and running (16, 18, (73) (74) (75) (76) -far fewer have been found to consistently shift the cortex into the slow-oscillation state, and it has been considered a default state, brought about by lack of input or attention (77) . Here we present evidence that challenges this conception: because astrocyte activity can actively shift the local circuit into a slow-oscillation-dominated state, it's possible that this "resting" state is dynamically controlled and the astrocyte network may be processing specific information to enact these changes. Because responses to external stimuli are enhanced during the desynchronized state (15, 17, 76, (78) (79) (80) , an active shift to the synchronized state could be a homeostatic-like mechanism to decrease processing and increase restfulness on a cellular or systems level. Due to their syncytial architecture and slower Ca 2+ signaling, astrocytes may be gathering information from across many cells and synapses at longer timescales than neurons may be able to, to regulate this shift. Thus, it will be important to measure and manipulate astrocytes' activity in a range of vigilance states and behavioral/sensory tasks to fully understand their role in state shifts (27, 28, 29) . The causal links between astrocyte activity and circuit function we uncover indicate that astrocytes are actively involved in neural circuits necessary for key brain functions such as sleep, memory, and sensory processing.
Materials and Methods
Animals, Viral Infection, and Craniotomy. All experimental procedures were carried out in accordance with National Institutes of Health and Columbia University institutional animal care guidelines. Animals were housed and maintained in a temperature-controlled environment on a 12-h light-dark cycle, with ad libitum food and water, and imaging/electrophysiology experiments were performed at the same time each day. C57BL/6 mice, or hGFAP-Cre transgenic mice obtained from the Jackson Laboratory [FVB-Tg(GFAP-cre)25Mes/J], age postnatal day (P)40-70, were used for in vivo experiments. For viral infection, P21-40 mice were injected with 100-600 nL total virus (single virus or combination of AAV1-hsyn-GCaMP6s, AAV1-CAG.FLEX-GCaMP6s, AAV5-GfaABC1D.Lck-GCaMP6f, AAV1-GFAP-iGluSnFR, AAV5-FLEX-ArchT-GFP, AAV5-CaMKII-ArchT-GFP, AAV5-FLEX-ArchT-TdTomato, or AAV5-FLEX-TdTomato) at a rate of 130 nL/min at 200 μm from the pial surface of the visual cortex (x −0.22, y −0.31) using a UMP3 microsyringe pump (World Precision Instruments). Mice were used for in vivo imaging and electrophysiology experiments 2-4 wk postinjection. For slice experiments, viral injection was performed on late P0-early P1 pups with 500 nL total virus at a depth of 200 μm into the assumed V1 and used for experiments at P13-20.
On the in vivo experimental day, mice were anesthetized with urethane (i.p. injection, 1.7 g/kg) and a titanium headplate was attached to the skull using cyanoacrylate glue. A 2 × 2-mm craniotomy, centered on the viral injection site in V1, was performed using a dental drill, leaving the dura intact. A silver wire was attached to a bone screw in the anterior skull for the LFP ground, and both the headplate and bone screw were then attached to the skull using dental cement. Custom-made light-blocking goggles of Buna-N O rings glued to blackout fabric were placed over the eyes and sealed using vacuum grease. In animals used for the isoflurane experiment shown, the procedure was the same except that 2% isoflurane was administered to the animal through a nosepiece during surgery, Fig. 8 . Model. During desynchronized epochs, populations of neurons do not fire in a coordinated fashion and astrocytic Ca 2+ signaling is low. Astrocyte Ca 2+ activity increases in the local circuit through a variety of mechanisms (arrow 1; green), followed by (arrow 2) accumulation of extracellular glutamate (cyan) and a shift (arrow 3) into the slow-oscillation state. and this level was reduced to 0.8-1.0% during the recording. For awake animals, mice underwent training for 1-2 h/d for 2 d on a spherical treadmill with head fixation before recording.
Two-Photon in Vivo Ca
2+ Imaging, Electrophysiology, and Optogenetic Stimulation. For rhod-2 (rhod-2 AM; Life Technologies) Ca 2+ imaging experiments, dye was first dissolved in 4 μL freshly prepared DMSO containing 20% Pluronic F-127 (Molecular Probes) and further diluted in 35 μL dye buffer (150 mM NaCl, 2.5 mM KCl, and 10 mM Hepes, pH 7.4). The dye solution was pressure-injected at 150-200 μm at a 30°angle with a glass micropipette (4-7 MΩ, 10 psi, 8 min) under visual control by two-photon imaging. Astrocytic or neuronal activity in layer 2/3 of the visual cortex using rhod-2, GCaMP6s, or GluSnFR was monitored by imaging fluorescence dynamics with a Sutter Movable Objective Microscope (MOM) and a mode-locked dispersion-precompensated Ti:sapphire laser (Chameleon Vision II; Coherent) at 850 nm (rhod-2), 950 nm (GCaMP, SNARF-1), 900 nm (Arch-GFP), 910 nm (GluSnFR), or 1,040 nm (Arch-tdTomato and tdTomato) with a 25× (1.05 N.A.; Olympus) water-immersion objective; 535/50 (GCaMP, Arch-GFP, GluSnFR), 610/75 (Arch-tdTomato, tdTomato, rhod-2), and 572/28 (SNARF-1) emission filters were used. Scanning and image acquisition were carried out at 1, 3, or 4 Hz at 512 × 512 pixels using Sutter software (MScan). Simultaneous LFP measurements were acquired at 1 kHz, using a glass micropipette (2-5 MΩ) filled with saline and lowered to ∼150 μm below the pial surface directly below the imaging plane. LFP signals were amplified and band pass-filtered at 100 Hz. The cranial window was then filled with a premelted 2% agarose solution. Optogenetic activation of Arch + astrocytes was carried out using wide-field fluorescence (Lambda LS xenon arc lamp; Sutter) through a 550-nm excitation filter.
Slice Preparation, Electrophysiology, and Two-Photon Imaging. Coronal neocortical slices (400-μm-thick) from P14-18 mice were cut with a vibratome (VT1200 S; Leica) in an ice-cold cutting solution of 27 mM NaHCO 3 , 1. (20) . Two-photon imaging of slices was performed on a custom-made two-photon microscope (81) with a tunable Ti:sapphire laser (Chameleon Ultra; Coherent) and a 40×, 0.8 N.A. objective; 900-nm excitation wavelength and 510/40 (Arch-GFP) and 605/20 (Alexa Fluor 594) emission filters were used. Arch-GFP + astrocytes were optogenetically activated with wide-field fluorescence through a 550-nm excitation filter.
Bulk Dye Loading of Slices. For SNARF-1 AM loading, we deposited slices in a petri dish (35 × 10 mm) with 2 mL ACSF. An aliquot of 50 μg SNARF-1 AM (Life Technologies) was prepared in 10 μL DMSO and 2 μL Pluronic F-127 (Invitrogen), shaken for 5 min, and pipetted into the solution. The dish was ventilated with 95% O 2 /5% CO 2 and affixed to the bottom of a larger petri dish kept humid with a wet Kimwipe and placed in a 37-°C slide warmer for 25 min. Slices were transferred back into the incubation chamber until experiments were performed.
Immunohistochemistry. Virus-injected mice were anesthetized and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Brains were removed and postfixed overnight in 4% paraformaldehyde, followed by cryoprotection in 30% sucrose in 0.1 M PB for 48 h at 4°C. A cryostat (CM3050 S; Leica) was used to cut 40-μm-thick sections from the visual cortex at the injection site. Corresponding sections from the noninjected hemispheres of each brain were cut as controls. Sections were blocked for 30 min at room temperature (RT) in a solution of 0.3% Triton X-100 (Sigma) and 20% normal goat serum (Sigma) in 0.1 M PB. Primary antibodies (rabbit anti-GFAP, 1:500, Abcam; chicken anti-GFP, 1:1,000, Abcam; guinea pig anti-tdTomato, gift of S. Sternson, Janelia Farm, Ashburn, VA) were added and slices were incubated overnight at 4°C. Slices were washed three times in PB and incubated with secondary antibodies (Alexa Fluor 488 goat anti-chicken; Alexa Fluor 568 goat anti-rabbit; Alexa Fluor 647 goat anti-guinea pig; all 1:500, Invitrogen) for 2 h at RT. Slices were washed in PB and mounted on slides with Fluoromount. Images from injected and control sections were acquired on a confocal microscope (Olympus IX81) with a 10×, 0.4 N.A. objective.
Image Analysis. Initial image processing was carried out using custom-written software in MATLAB (MathWorks) (Caltracer3). Astrocytic ROIs were detected using an automated algorithm based on fluorescence intensity, size, and shape. "Active" astrocytic ROIs were detected using an automated risingfaces algorithm, selecting those ROIs with signals above 0.03 df and three times the noise of each individual trace. Pixels within each ROI were averaged and df/f was calculated by dividing each value by the mean of the values from the previous 30 s. Neuronal cell bodies were detected using an automated algorithm and adjusted by visual inspection. Pixels within each neuron were averaged and df/f was calculated using the values from the previous 5-s window. Neuronal spike probability was inferred from Ca 2+ signals using a fast, nonnegative deconvolution method (82) . Binary spike activity data were used for neuronal analyses. This method likely underestimates action potentials, particularly when neurons fire a single action potential or at high frequencies. Coactive events were automatically detected based on the binary spike data, using the findpeaks function in MATLAB and excluding any peaks within 10 frames (at 3 Hz) of the coactive event. Trials with motion artifacts were excluded from analysis. For GluSnFR analysis, images were filtered with a median filter (5 pixels), and the average background was subtracted from the filtered image. GluSnFR events are defined by frames that are 3 SDs above the mean of the fluorescence trace. Average area for GluSnFR activations was calculated on the raw images, not the median-filtered images.
For simultaneous neuronal and astrocytic GCaMP imaging, ROIs were detected as described above for astrocytes only, resulting in both neurons and astrocytes divided into many ROIs. ROIs were classified as astrocytic and neuronal based on spatiotemporal dynamics. Neuronal transients were temporally asymmetrical, with short (<1 s) rise times and longer decay times [ Fig. S7D (31) ], whereas astrocytic transients exhibited symmetrical rise and decay times, with longer total duration [ Fig. S7 (20, 33) ]. In addition, astrocytic transients can radiate across processes in a temporal progression, whereas neuronal transients occurred near-simultaneously across contiguous regions of the-morphologically distinct from astrocytes-cells. In a subset of experiments, astrocyte identity and the spatiotemporal discrimination method were confirmed using rhod-2 labeling of the astrocytic soma. ROIs not clearly classified as astrocytic or neuronal made up a small subset of the total ROIs (<2%) and were not included in the analysis. For each neuronal coactive event, all active astrocyte activity within a 15-s window was averaged. Averaged astrocyte events longer than 1 s and greater than mean +4 SD are used in the total average.
LFP and Astrocyte Ca
2+ Analysis. Spectral analysis of LFP data was carried out using the Chronux toolbox (chronux.org), using a time frequency bandwidth of 2.5 with four tapers and a 20-s window moving at 0.5-s increments. The mean value within each frequency band was calculated. Ca 2+ and LFP events were automatically selected by taking the mean of each measure +1 SD (Ca
) and +0.5 or −0.5 SD (LFP low-and high-frequency bands, respectively), provided the trace stayed above/below this level for at least 8 s. LFP changes based on z score (Fig. 3) were calculated using the SD of a 5-min baseline recording immediately before the first optogenetic stimulation trial.
